For the purpose of separation of metal ions, either for purification or preconcentration, various kinds of chelating resins have been developed. This has been the subject of numerous papers and reviews related to synthesis, characterization and metal ion uptake studies. [1] [2] [3] [4] The insertion of suitable specific functional groups into solid matrices makes them capable of reacting with metal species under certain favorable conditions to form metal complexes. One of the most used supports is silica gel due to its good mechanical, thermal and chemical stability as well as excellent swelling resistance in different solvents. 4, 5 Synthesis and application of silica gel phases loaded with various organic reagents for preconcentration of metal ions have been reviewed by Jal et al. 4 Additionally, several new reagents like dimethylglyoxime, 6 4-aminoantipyrene, 7 5-formyl-3-(1′-carboxyphenylazo) salicylic acid, 8 2-aminothiazol 9 and dendrimer-like polyamidoamine 10 have been recently reported for the chemical modification of silica surface.
Introduction
For the purpose of separation of metal ions, either for purification or preconcentration, various kinds of chelating resins have been developed. This has been the subject of numerous papers and reviews related to synthesis, characterization and metal ion uptake studies. [1] [2] [3] [4] The insertion of suitable specific functional groups into solid matrices makes them capable of reacting with metal species under certain favorable conditions to form metal complexes. One of the most used supports is silica gel due to its good mechanical, thermal and chemical stability as well as excellent swelling resistance in different solvents. 4, 5 Synthesis and application of silica gel phases loaded with various organic reagents for preconcentration of metal ions have been reviewed by Jal et al. 4 Additionally, several new reagents like dimethylglyoxime, 6 4-aminoantipyrene, 7 5-formyl-3-(1′-carboxyphenylazo) salicylic acid, 8 2-aminothiazol 9 and dendrimer-like polyamidoamine 10 have been recently reported for the chemical modification of silica surface.
Unfortunately, the modified silica phases have not been studied for selective extraction and enrichment of vanadium. For this purpose chelating resins [11] [12] [13] [14] and several modified polymers [15] [16] [17] have usually been applied. Determination of vanadium at trace levels is important for monitoring pollution as well as for understanding its geochemical and biological effects. However, when the level of this metal in real samples is very low, a preconcentration/separation step is necessary to improve the precision and accuracy. 18 Moreover, the procedures based on sorption principles are very useful for separation of vanadium species as V(IV) and V(V), two main forms present in natural waters, which have different nutritional and toxic properties.
In the present study, modified silica gel was used for the solid phase extraction of vanadium. Tetrakis(4-carboxyphenyl)-porphyrin (TCPP) was chosen as a complexing reagent as it forms stable complexes with vanadium. Vanadyl porphyrins occur for example in fossil fuels. 19 The silica surface was modified by physical adsorption and by direct chemical immobilization through formation of an amide bond. The resulting chelating sorbents have been studied for separation and preconcentration of vanadium species.
Experimental

Reagents and apparatus
The chemicals used were of analytical grade, and all solutions were prepared with deionized water obtained from a Milli-Q system (Millipore).
A commercial atomic absorption standard solution (Merck) containing 1000 mg L -1 of V(IV) (VOSO4 in 0.5 mol L -1 H2SO4) was used. Vanadium(V) solutions were prepared by dissolving V2O5 in 1% (v/v) HNO3.
5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrin (TCPP) from Fluka was used without further purification.
A Perkin Elmer Model AAnalyst 300 atomic absorption spectrometer equipped with a deuterium background correction system utilized the vanadium 318.5 nm line. HGA-800 furnace and pyrolytically coated graphite tubes were employed. The instrumental settings of the manufacturers were followed. A Perkin Elmer (USA) double-beam UV-VIS spectrophotometer Lambda 20 with diode-array detector and 10 mm quartz cells was used for spectra recording and absorbance measurements. Data were processed with WinLab software.
The IR spectra (4000 -500 cm -1 ) in KBr pellets were recorded with a FTIR spectrometer (Nicolet 500).
(Lichrolut-NH2, particle size 40 -63 µm, Merck) through formation of an amide bond using a method derived from the work of Kibey and Meyerhoff. 20 An 800-mg volume of TCPP was dissolved in 25 mL of dry dichloromethane and 200 mg of 1,1′-carbonyldiimidazole was added for activation of the carboxyl group. After addition of aminopropyl-silica gel (2 g), the reaction slurry was maintained at 20˚C and sonicated for 8 h. Then the silica gel was filtered and washed with chloroform and acetone until the filtrate was clear and colorless. Physically adsorbed porphyrin was washed from the silica surface with a solution of 10% glacial acetic acid in acetone followed by thorough rinsing with pure acetone. The reddish brown porphyrin-silica product (hereafter denoted as Si-TCPP) was dried overnight at 110˚C. Its repeated unit is shown in Fig. 1 . Elemental analysis of the immobilized porphyrin support was performed in house. The number of TCPP groups attached to the silica matrix was determined by the metal probe testing method. 21 TCPP was also immobilized on aminopropyl-silica gel through physical interactions. After preliminary washing (with 6 mol L -1 HCl, water, 2 mol L -1 NaOH and water again), the sorbent was shaken with 0.1 mmol L -1 TCPP solution at pH 9 for 2 h until the supernatant solution become colorless. Then it was filtered off and washed with water and ethanol. It contained 20 µmol of TCPP per gram of dry resin. This sorbent was denoted as Si-NH2-TCPP (obtained by physical adsorption of ligand on silica surface.).
Retention of vanadium as a function of pH
Retention of vanadium ions was determined using a batch technique separately for V(IV) and V(V) in the pH range of 3 -10. One hundred milligrams of dry Si-TCPP sorbents were gently shaken for 60 min with 10 mL of 1 µg mL -1 vanadium solution at a selected pH value. The pH was changed by addition of acetate, phosphate and borate buffers, respectively. The metal concentrations were then determined in the filtrate by AAS method. The results are based on at least three replicates.
Preconcentration and speciation procedures
The proposed method was tested with a model solution before its application to the natural waters. For preconcentration of total vanadium species the appropriate volume of aliquots was adjusted (if necessary) to pH 6.5 with phosphate buffer and then passed through the microcolumn containing 0.1 g of silica gel resin loaded with TCPP (20 µmol g -1 ) at a flow rate of 1.5 mL min -1 . Metal chelates were then eluted by using 1 mL of 2 mol L -1 nitric acid and analyzed by atomic absorption spectrometry. In speciation studies before the enrichment step, CDTA solution was added to the sample to reach its final concentration of 0.25 mol L -1 .
The solution was then passed through the microcolumn with Si-TCPP sorbent. Vanadium(V) content was determined after elution by 2 mol L -1 HNO3.
Results and Discussion
Characterization of the TCPP-loaded silica gel
Comparison of the IR spectra of the aminopropyl-silica gel with that of the TCPP-immobilized phase gives results that are consistent with the structure given in Fig. 1 . Si-TCPP phase is characterized by weak peak at 1625 cm -1 corresponding to amide band. The attached TCPP groups displayed high stability under the various sorption-elution cycles of vanadium ions by the adsorbent in the microcolumn.
The difference in nitrogen content between the TCPP-based silica and the original aminopropyl-silica phase is 6.67% and this content corresponds to a porphyrin coverage of 5.6 µmol m -2 according to general equation proposed by Unger et al. 22 To establish the possibility of application of Si-NH2-TCPP sorbent, we investigated the elution of TCPP by mineral acids and base solutions. The portions of appropriate eluent at different concentrations were passed through the columns containing 0.1 g of this sorbent. The concentration of TCPP in the eluates was measured spectrophotometrically at 411 nm. As can be seen from Fig. 2 , the resistance of TCPP-loaded sorbent to nitric acid is the lowest. However, the next portion of this acid eluted less than 5% of the ligand; therefore, multiple use of this sorbent is feasible.
Conditions for sorption and desorption of vanadium
The pH value of the medium is one of the most important factors controlling the limit of metal ions sorption by the proposed modified silica gel, because hydrogen ions compete with metal ions in the complex formation reaction. The results presented in Fig. 3 show that either vanadium(IV) or vanadium(V) exhibits great and similar affinity for TCPP loaded sorbents. Even in the acidic region, their retention is above 80%. The optimum pH range of metal uptake is 5 -8. The reaction of vanadium with carboxylphenyl porphyrin was investigated in a solution by the continuous variation method and the mole ratio method, the absorbance being monitored at 588 nm. The molar ratio of TCPP to V(V) in the formed complex has been found to be 1:1. The optimal conditions for the formation of this complex as well as for its retention on modified silica gel are very suitable for preconcentration of dissolved vanadium from water samples at their natural pH without any treatment. Moreover, this should enable its separation from magnesium and calcium ions as well as from many transition metals, which should not be retained in this pH range. 23 
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ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 The capacity of the sorbent is an important factor to determine how much resin is required to quantitatively remove a specific metal ion from a solution. The breakthrough capacity of TCPPmodified sorbents (with their capacity toward TCPP of 20 µmol g -1 ) was determined by pumping 50 µg L -1 vanadium(V) solution through the microcolumns containing 0.1 g of each sorbent. As can be seen from Fig. 4 , under experimental conditions the typical breakthrough curves were obtained. The capacity was calculated as 37.5 µg g -1 and 35.0 µg g -1 for Si-TCPP and Si-NH2-TCPP sorbents, respectively. The theoretical value of the capacity should be equivalent to the ligand loaded. The observed lower value could be due to the rigidity of the matrix and not all ligand groups could participate in chelation. The results may be slightly different using other experimental conditions such as concentration of analyte or ionic composition in the solution. Thus, the modeling of the sorption is of great help for developing the method and for establishing its optimal parameters. 24, 25 However, the presence of the solid support may have an effect and lead to the formation of a complexes with different stoichiometry than that observed in a homogeneous reaction. 26 Further studies are necessary for describing the system with porphyrin ligands and for making theoretical predictions at different conditions. It should be noted that the capacity of anion-exchange resin in the absence of porphyrin ligand is very low; only 0.75 µg of vanadium(V) per gram of dry resin; thus, both Si-TCPP and Si-NH2-TCPP sorbents can be used for enrichment of vanadium ions.
The relationship between sample volume and absorbance for 20 µg L -1 vanadium solution exhibited good linearity of response up to 160 mL. For the preconcentration of larger sample volume, the method can be modified by increasing the microcolumn length (amount of sorbent), but simultaneously with the increase in the treatment time.
Elution of preconcentrated vanadium ions could be done by breaking the metal-chelate bond using mineral acids. A 1.0 mL volume of 2 mol L -1 nitric acid was better than a similar volume of HCl solution. After the elution step, the sorbent needs to be prepared for passage of the following sample. Pumping deionized water for 15 s and then 0.1 mol L -1 phosphoric buffer pH 6.5 for the next 15 s (at a flow rate of 2 mL min -1 ) was found to be optimum for sorbent conditioning. Loading a higher amount of ligand or applying a lower flow rate during enrichment step could considerably increase the reusability of TCPP-modified sorbent.
Under these conditions, the enrichment factor (EF) of 160 could be obtained. In previously published papers concerning the determination of vanadium after microcolumn preconcentration, much lower EF values were obtained. [11] [12] [13] The volume of eluent solution required for recovery of vanadium sorbed on Chelex 100 was quite large (14 mL), thus a EF of only 40 could be obtained. 13 Moreover, the whole preconcentration step was very slow (2 and 4 h for a batch and column procedure, respectively). Wuilloud et al. 15 reported a sensitivity enhancement of 225 in determination of vanadium by ICP-OES after its preconcentration on an Amberlite XAD-7 resin as a vanadium-2-(5-bromo-2-pyridylazo)-5-diethylaminophenol complex. However, the enrichment factor that resulted from the application of microcolumn was only 15. A similar enhancement factor (e.g. 15) was obtained by using the ultrasonic nebulizer of the ICP-OES spectrometer.
Speciation analysis
Vanadium(V) ions as well as vanadium(IV) ions exhibit similar affinity for silica sorbent modified with TCPP reagent, thus, this sorbent could be used for the preconcentration of all dissolved vanadium. With the purpose of obtaining selective separation of the two metal species, CDTA was examined as a masking ligand for V(IV). In the presence of CDTA (0.25 mol L -1 at pH 6.5), added to a sample solution, no retention of V(IV) was observed, as vanadyl ions form chelates with CDTA. Under these conditions, vanadium(V) is quantitatively sorbed. This procedure was tested for various synthetic solutions with different concentration relationships between the two oxidation states of the analyte. The obtained results show satisfactory recoveries in the range of 94 -98% with a relative standard deviation in the range of 5 -8%.
The proposed speciation scheme could separate vanadium ions at these oxidation states; however, it does not allow one to preconcentrate vanadium(IV) following its determination. It has been ascertained that natural water samples contain very low concentrations of V(IV).
27,28
Application to natural waters
The developed method for the determination of total dissolved vanadium with its preliminary preconcentration was examined for certified reference materials TM-25.2 (fortified water) and CAAS-4 (coastal seawater). The experiment was carried out using a loading volume sample of 30 mL. As can be seen from 953 ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 The practical feasibility of the proposed method for determination of vanadium after its preliminary preconcentration was tested on natural water samples collected from the river Vistula in the southeastern area of Warsaw City. After filtration using a 0.45 µm membrane filter and degassing, five replicates were performed ( Table 1) . The standard addition method applied to the river water samples gave the results of 4.0 ± 0.3 and 5.5 ± 0.4 µg L -1 for total dissolved vanadium determined in two river water samples using aminopropyl-silica gel with covalently attached TCPP. In these samples, the content of V(V) exhibits approximately 90% of the total amount of dissolved vanadium. Application of the speciation scheme to the TM-25.2 reference solution, also showed that vanadium(V) is the predominant species.
Probably, vanadium(IV) is gradually oxidized and could not exist in neutral and basic natural waters, as was reported by Okamura et al. 27 Table 1 Determination of total amounts of dissolved vanadium (µg L 
